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ABSTRACT

The effect of sintering two hydroxyapatite (HA) powders (designated HAC and HAS) of
contrasting morphology, at temperatures ranging from 1000°C to 1450°C, on the phase
stability of the material was investigated. Pellets were prepared by cold isostatic pressing
of the powders at 200 MPa and subsequently sintering in air at a heating rate of 2°C/min.
and a holding time of 2 hours. X-ray diffraction analysis revealed that decomposition of
the HA was dependent on the morphology of the precursor powders. The decomposition
of the HAS powder started to occur at a lower sintering temperature of 1300°C, whereas
the HAC powder only decomposes at 1400°C. Both powders formed residual phases of
tri-calcium phosphates and tetra-calcium phosphate due to decomposition. The possible
factors controlling the decomposition mechanism of the HA powders are also discussed.
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INTRODUCTION

Hydroxyapatite, a calcium phosphate based compound with the chemical constituent
Ca10(PO4)s(OH)2, is the main mineral component of bone and teeth. This material is the
most commonly used ceramic for bone replacement due to its superior biocompatibility,
which allows for intergrowth of new bones onto the material [1]. However, one of the
major factors that limits the full exploitation of HA ceramics as implants is the brittle
nature of the material. As a result of its low fracture toughness (0.8 to 1.2 MPa.m*?) and
flexural strength (< 130 MPa) [2, 3], the application of hydroxyapatite is confined to non-
load-bearing members and unstressed regions of the body [3-5]. A great deal of research
has been done to control the properties of the precursor powders used to produce HA
ceramics, as it is critical in determining the microstructure of the sintered ceramics, which
in turn influences the physical and mechanical properties of the material [6-10]. Particle
size, shape and agglomeration are some of the main features that control the sinterability
of the compacted material. For example, the presence of agglomerates, in particular, of
the hard nature, tends to disrupt the densification process and lead to the occurrence of
defects in the microstructure, which inevitably limits the strength of the sintered body
[11]. Particle size is also an important criterion as it determines the activation energy and
hence the grain growth of the ceramic [8, 12]. These are some of the main critical factors
that have been shown to influence the hardness of hydroxyapatite ceramic [12].The
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objective of this work was to compare two HA powders of different morphologies that
were produced via different routes and to relate some of their properties to the sintering
characteristics of the material.

EXPERIMENTAL DETAILS

Synthesis

In the present work, two powders from different sources were employed. The first
powder, designated as HAC, is a commercially available hydroxyapatite powder (Merck
2196, Germany) while the second powder, designated as HAS, was prepared via the
aqueous precipitation technique using reagent grade Ca(OH)2 and HzPOas. The powders
were pressed into cylindrical disc samples via uniaxial pressing at 40 MPa using a 20 mm
steel die followed by cold isostatic pressing at 200 MPa. The green pellets were sintered
in air atmosphere at different temperatures ranging from 1000°C to 1450°C, at a furnace
ramp rate of 2°C/min and a holding time of 2 hours. The pellets were subsequently
allowed to cool slowly in the furnace until ambient temperature.

Characterization

The calcium content in the HA powders was determined by the Inductive Coupled Plasma
(ICP) method after dissolving in nitric acid, whereas the titration method of standard
EDTA solution was used to determine the phosphate content. The density of the sintered
compacts was obtained by the water immersion technique and expressed in terms of
relative density with the theoretical density of HA taken to be 3.156 gcm3. Phase analysis
by X-ray diffraction (XRD) of the samples was performed at room temperature using Cu-
Ko as the radiation source. The crystalline phases present in the samples were identified
by comparison with standard reference JCPDS (Joint Committee on Powder Diffraction
Standards) files. In addition, the microstructural evolution under the various sintering
temperatures was examined using a scanning electron microscope (SEM). Prior to SEM
analysis, the samples were polished to a 1 um surface finish using diamond paste and
subsequently etched with 0.5% HF to delineate the grain boundaries. The microhardness
of the samples was measured using the Vicker’s indentation method. The indentation load
was kept constant at 1.96 N (200 grams) and applied for 10 seconds. The average hardness
value was taken from five indents made for each sample and the maximum error obtained
was found to be less than 5%.

RESULTS AND DISCUSSION

Characterization of Powders

The measured quantities of Ca and P in the HAS sample were 37.35 % w/w and 17.16 %
w/w respectively. This gave a Ca/P weight ratio of 2.15 or 1.67 + 0.02 in molar ratio. The
Ca to P weight ratio of the HAC powder gave a value of 2.14 or a molar ratio of 1.66 £
0.02. These values are in agreement with that of the theoretical stoichiometry value of
1.667. This result suggests that the powders used are free from residual phases of tri-
calcium phosphates, calcium carbonate and calcium oxide. In general, the presence of any
of these residual phases would give a Ca/P ratio which has a value that deviates from the
stoichiometry value of 1.667. Achieving a stoichiometric Ca/P molar ratio is of
paramount importance, as any deviation from the stoichiometry value affects the
solubility, osteocompatability, densification and mechanical properties of the
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hydroxyapatite ceramics [13, 14]. The morphology of the precursor powders is shown in
Figure 1. Both powders show a broad range of particle size distribution. The distribution
of the HAS powder is bimodal with two peaks at 4 um and 33 um. The mean and median
of the distribution are 18.4 um and 15.1 um with 90% of the particles being below 40.3
pm. The average powder particle size of the HAC powder was measured to be about 11
pm with a median of about 6 um. Although the HAC powder is composed of finer
particles, the degree of agglomeration is higher compared to the HAS powder.

Figure 1. Scanning electron micrographs of HA powders prepared from different
sources.

Phase Retention
The crystalline phases identified for the samples sintered at various temperatures are
given in Table 1.

Table 1. Phases detected in samples sintered at various temperatures.

Sintering temperature Distinguishable phases by XRD
(°C) HAC HAS
1000 HA HA
1050 HA HA
1100 HA HA
1150 HA HA
1200 HA HA
1250 HA HA
1300 HA HA, TTCP, CaO
1350 HA HA, TTCP, CaO
1400 HA, o-TCP HA, o-TCP, B-TCP, TTCP,
CaO
1450 HA, o-TCP, B-TCP, TTCP, -
Ca0o
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The HAS samples were found to be stable until a temperature of 1250°C with no
residual phases detected. Decomposition of HA began to be observed in samples sintered
at 1300°C, with the formation of tetra-calcium phosphate (TTCP) and calcium oxide
(Ca0), as depicted in Figure 2. However, as the sintering temperature was increased
above 1300°C, the intensity of peaks corresponding to these secondary phases also
increased, indicating that further decomposition had occurred. Sintering at 1400°C
resulted in the formation of a-TCP and B-TCP in the HAS sample. Compacts sintered
beyond this temperature were found to melt, forming glassy phases.
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Figure 2. X-ray diffraction patterns of HAS samples sintered for 2 hours at (a) 1250°C,
(b) 1300°C, (c) 1350°C and (d) 1400°C. All the peaks in (a) correspond to the HA
phase. (Key: € = TTCP; + = a-TCP; * = B—-TCP and O = Ca0).

When sintered at temperatures below 1400°C, the HAC samples consisted solely
of HA phase, as shown in Figure 3. The formation of tri-calcium phosphate (TCP) was
detected in the HAC samples sintered at 1400°C. A further rise in the sintering
temperature to 1450°C led to further HA decomposition, with the formation of tetra-
calcium phosphate (TTCP) and calcium oxide (CaO) phases (see Figure 3). These
findings indicate that the decomposition of HA is governed by the following equations
[15, 16]:

Caiwo (PO4)s (OH)2 — 2Caz (PO4)2 + CasP2.0O9 + H20 (1)
Caio (PO4)s (OH)2 — 3Casz (PO4)2 + CaO + H20 (2)

It is evident that the decomposition of the HAS samples started to occur at a lower
temperature (1300°C) than in the HAC samples (1400°C). The different morphology of
the latter powder was believed to have delayed the decomposition rate by preventing
dehydration of the OH group from the HA matrix. In the present work, the decomposition
of HAC samples proceeded according to Eq. (1) followed by Equation (2) for samples
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sintered at higher temperatures. On the contrary, the HAS samples seemed to decompose
according to Eq. (2) first, with the formation of CaO. At this stage, this phenomenon is
unclear and further work is required to elucidate the decomposition behaviour of HAS
material.
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Figure 3. X-ray diffraction patterns of HAC sintered for 2 hours at (a) 1250°C,
(b) 1400°C and (c) 1450°C. All the peaks in (a) correspond to the HA phase.
(Key: e =TTCP; ¢ =a-TCP; v =-TCP and « = Ca0).

Density

The effect of sintering temperatures on the relative density of HA is shown in Figure 4.
For low temperature firing (<1200°C), the HAS samples exhibited a slight variation in
the relative density, i.e., from 98.1% at 1000°C to > 99%, with the highest value of 99.8%
being attained for samples sintered at 1150°C. However, the relative density of the HAS
samples was observed to decline slightly from 99.8% to 98.7% as the sintering
temperature was increased from 1150°C to 1400°C (see Figure 4). In general, the
variation of density with sintering temperature for the HAS material is small compared to
the HAC samples. As can be observed in Figure 4, the HAC samples showed a significant
difference in density over the sintering temperature employed. It was found that samples
sintered at 1000°C exhibited the lowest relative density of 77%, while the highest value
of 99.8% was attained in HA sintered at 1400°C. The low bulk density of the samples
sintered at lower temperatures can be attributed to the low densification temperature
employed, which resulted in the presence of residual porosity located mainly at grain
boundaries [12, 17].
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Figure 4. Variation in relative density of HAS and HAC samples with sintering
temperature.

Hardness
The change in Vicker's hardness of the sintered HA samples with increasing sintering
temperature is presented in Figure 5.
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Figure 5. Variation in relative density of HAS and HAC with sintering temperature.
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It was found that the HAC samples sintered at 1250°C exhibited the highest
hardness, i.e. 6.08 + 0.28 GPa, while the HAS sample sintered at 1050°C gave the highest
value of 6.64 + 0.28 GPa. However, for both materials, as the sintering temperature
increased the hardness was observed to decrease, despite having relatively high density
values of more than 99%. Previously, it has been proposed that the decline in hardness
with increasing sintering temperature is associated with a grain size effect, i.e., above a
certain critical grain size, the hardness of HA will decrease [12].

CONCLUSIONS

In the present work, the sintering behaviour of two stoichiometric HA powders was
investigated. The study revealed that the decomposition of the HA powders was
dependent on the morphology of the precursor powders. The synthesised powder (HAS)
was found to achieve full densification at a lower temperature (1150°C) than the
commercially available HA powder (HAC) (1400°C). However, the former sample also
decomposed at a lower temperature to form various residual phases. It is believed that the
difference in the level of agglomeration observed in the powders was responsible for the
difference in the sintering characteristics.
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